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Abstract
The axisymmetric stability of the single X-point, nominal Alcator C-MOD configura-
tion is investigated with the Tokamak Simulation Code. The resistive wall passive growth
rate, in the absence of feedback stabilization, is obtained. The instability is suppressed
with an appropriate active feedback system.
One of the most useful applications of the Tokamak Simulation Code (1] (TSC) is
the analysis of the axisymmetric instability and its active feedback control for general
plasma cross sections and current profiles. TSC models the time evolution of a two-
dimensional, axially symmetric plasma fluid and its electromagnetic interaction with the
external field system, through a tokamak discharge. Therefore, it provides a complete, non
linear description of the tokamak axisymmetric stability behavior.
The dynamical equations solved by TSC are those of a full two-fluid transport model
with appropriate phenomenological diffusion coefficients. Thus, this code is able to de-
scribe the plasma evolution in both the Alfvin and diffusive transport time scales. Since
these time scales are separated by many orders of magnitude, economical time integration
requires some numerical artifact. In TSC, this is accomplished by assuming an artificial ion
mass equal to a factor fjee times the actual mass. Hence, the Alfvin speed is reduced by
a factor ffe so that a practical integration time step that is still smaller than the shortest
characteristic time scale can be adopted. In order to obtain realistic predictions, a con-
vergence study towards the physical value ff., = 1 must be carried out. If no instabilities
growing on the Alfvin time scale are present, an adequate description is obtained with as
large ffee values (typically of the order of 10') as to make the Alfvin time comparable
to the resistive diffusion time. This is the assumption made when modeling the evolution
of a whole tokamak discharge, as done in Ref. 2 for the full 3 s duration of an Alcator
C-MOD shot. However, to test the stability against axisymmetric modes that can grow in
Alfvin-like time scales, a detailed convergence towards low ffpe values is necessary. Due
to computer limitations, this can be carried out only over short real time intervals.
In this work we chose to analyze the axisymmetric stability of the Alcator C-MOD
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nominal configuration at the middle of the current flat-top, as generated by the TSC
simulation described in Ref. 2, 1.5 s into the discharge. At this point, the plasma current
equals 3 Mamp, the toroidal field at the plasma center is 9 T, the major and minor radii
are R, = 0.665m, a = 0.21m, the separatrix elongation and triangularity are x. = 1.75,
& = 0.4, and at the 95% relative to the separatrix flux surface n95 = 1.6, 95 = 0.3. The
reader is referred to Ref. 2 for further details and definitions. A TSC run is restarted
at this time with the correct currents in the active coils, but with the induced currents
in the vacuum vessel suppressed. This results in an initial transient phase of unphysical
eddy currents induced in the vacuum vessel that, since the plasma equilibrium is vertically
asymmetric, are sufficient to trigger the vertical instability. The evolution of the latter is
studied by following the plasma motion for the next 16 ms with low ffac values. This is
repeated under two different scenarios. First, the instability passive growth rate is obtained
by switching off the feedback control systems and letting the active coils carry only the
preprogrammed currents. Second, the active control of the instability is investigated by
switching the feedback systems on.
Two independent observables are used to diagnose the plasma evolution: the vertical
position of the magnetic axis and the poloidal magnetic flux difference between two ob-
servation loops located at R = 0.80 m, Z = ± 0.62 m. Figures 1 and 2 show their time
derivatives as functions of time in semi-logarithmic plots, for the passive growth simulation
without feedback. MKS units are used in all figures unless otherwise specified. The results
displayed in Figs. 1 and 2 are obtained with ff.c = 1500, but their characteristics are
general. Three distinct phases can be identified: an initial transient phase is followed by a
period of linear exponential growth after which the perturbation amplitude becomes too
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large, the plasma evolution enters a non-linear regime and the equilibrium is rapidly lost.
The evolution of the plasma boundary during this 16 ms simulation with ff.c = 1500 is
shown in Fig. 3. Figure 4 displays the corresponding induced currents in the vacuum ves-
sel. The linear phase lasts for two exponential growth times approximately, which allows
to establish a well defined linear growth rate. Such inverse linear growth rates are plotted
in Fig. 5 as functions of ff.c. Circles and triangles correspond to the values obtained with
the magnetic axis displacement and flux difference diagnostics, respectively. Two sets of
points are shown in Fig. 5. They correspond to two values of yet another artificial param-
eter, a numerical viscosity introduced in TSC to ensure numerical stability, that should
be extrapolated to zero. By extrapolating the data in Fig. 5 to ffac = 1, we obtain the
physical passive growth time of about 1 ms. The characteristic L/R time constant of the
vacuum vessel is considerably larger, about 16 ms. This rather fast instability growth rate
reflects the fact that no close fitting conductor structure exists around the Alcator C-MOD
plasma, and makes the problem of its active feedback control a challenging one.
The feedback control system implemented in TSC is a two-level proportional-derivative-
integral (PDI) scheme defined in the following way. Given a preprogrammed current IP,
(function of time) in a coil or linear combination of coils, the feedback current is defined
by:
dA
Ifb = IP, +gPA+9D dt +9 If Adt , (1)
where A is the feedback signal and gp,gD,gI are the gain coefficients. The difference
between If b and the actual coil current at the time I,,, is used to determine the incremental
applied voltage which in our calculation is simply given by a proportional law:
AV=gPV(Ifb-I.c) . (2)
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Five independent such systems are used in our simulation. Their characteristics and gain
coefficients are summarized in the following table.
TABLE I
I A gp gD i
IEP3 (A7P) 1  -- 4 X 105 -4 x 102 0
IQPU (AP) 2  -1.5 x 105 0 0
IQPL (A03 -1.5 x 10 5  0 0
INUL AIplama 5.2 X 102 0 1.3 x 104
IEFC AZazi -105 -2 X 103 0
Table I: Definition of the active feedback systems. The gain coefficients are in MKS units.
The first system acts on the vertical field coil EF3 and controls the radial position of the
plasma. The second and third systems control the upper and lower elongation respectively
and act on the linear combinations:
IQPU(L) = IOH2U(L) - 0.8 0IEF1U(L) + 0-10EF2 (3)
that produce approximate quadrupole fields. The feedback signals for these first three
systems are the flux differences between pairs of points that are expected to lie on the
same magnetic surface and are moving in time. The fourth system controls the total
plasma current and acts on the combination:
INUL = 1. 5 9 IOH1 + 1.49(IoH2U + IOH2L)
(4)
+ 0.48 (IEF1u + IEF1L) + 0.021EF2 + 0. 1 3 iEF3
that produces an approximate field null. Its signal is the difference between the actual
and preprogrammed plasma current. The fifth system controls the vertical position of the
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plasma and acts on the EFC coil. This coil has its upper and lower sections connected
in anti-series to produce a radial magnetic field. Its signal is the difference between the
actual and preprogrammed vertical position of the magnetic axis. The feedback signals
used in our simulation are supposed to mimic the information gathered by the whole set of
magnetic probe measurements in the actual experiment. The voltage gain coefficient gj, is
set equal to 0.04 ohm for all systems. In addition, a maximum voltage cutoff of 20 V is set
on each coil filament of our model, regardless of the demands of the feedback algorithm,
in order to simulate realistic power supply and insulation constraints.
The axisymmetric stability simulation is now repeated with these feedback systems
in place. The resulting magnetic axis displacement and flux difference signals are shown
in Figs. 6 and 7 as functions of time for the 16 ms simulation. Results are given for four
values of the Alfven velocity slowing factor ff., down to ff~c = 250. In contrast with the
passive simulation illustrated in Figs. 1 - 5, we can conclude now that the instability is
suppressed by the active feedback even after we extrapolate to low ff.c. The evolution of
the plasma boundary through this 16 ms simulation is shown in Fig. 8 for the case ff., =
1500, to be compared with Fig. 3. The induced currents in the vacuum vessel are shown
in Fig. 9, to be compared with Fig. 4. The currents and voltages in the active coils are
given in Figs. 10-25, all of which show a stable behavior. We point out that the 20 V
per filament limit on the vertical control coil EFC (160 V total for its four upper and four
lower filaments) is sufficient to provide stability in our simulation. The EFC power supply
in the actual Alcator C-MOD tokamak is rated at a maximum ±500 V.
Finally we wish to call attention to the glitch observed around t = 1.512 s in the ff.,
= 250 case. This is a spurious feature, presumably triggered by some numerical (finite
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mesh size or truncation) inaccuracy, which is nonetheless successfully quenched by the
feedback system. Such numerical problems set a practical limit as far as the convergence
analysis with respect to ffac is concerned, because increasing the numerical accuracy and
decreasing the computational grid spacing are unaffordable with our present day super-
computer capabilities. However, the results obtained with ff. > 250 provide sufficient
basis for predicting a stable extrapolated behavior at the physical ffac = 1.
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Figure Captions
[Fig. 1] Vertical displacement of the magnetic axis in the passive axisymmetric instability
simulation with ff., = 1500.
[Fig. 2] Flux difference between observation points at R = 0.80 m, Z = t0.62 m in the passive
instability simulation with ffee = 1500.
[Fig. 3] Evolution of the plasma boundary in the 16 ms passive instability simulation with
ff dc= 1500.
[Fig. 4] Vacuum vessel induced currents in the passive instability simulation with ffhc = 1500.
Each trace corresponds to one filament of our computational model.
[Fig. 5] Linear growth times of the passive axisymmetric instability as functions of the Alfvin
velocity slowing factor ffec. Circles and triangles are obtained with the magnetic
axis displacement and flux difference diagnostics, respectively. The two sets of points
correspond to two values of the numerical viscosity.
[Fig. 6] Vertical displacement of the magnetic axis in the active feedback control simulations.
[Fig. 7] Flux difference between observation points at R = 0.80 m, Z = 0.62 m in the active
feedback control simulations.
[Fig. 8] Evolution of the plasma boundary in the 16 ms active feedback control simulation
with ff,, = 1500.
[Fig. 9] Vacuum vessel induced currents in the active feedback control simulations.
[Fig. 10] Current in OH1 coil with the active feedback systems on. Magnitudes plotted corre-
spond to one filament of our model.
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spond to one filament of our model.
[Fig. 11] Voltage in OH1 coil with the active feedback systems on. Each trace corresponds to
one filament of our model.
[Fig. 12] Current in OH2U coil with active feedback on.
[Fig. 13] Voltage in OH2U coil with active feedback on.
[Fig. 14] Current in OH2L coil with active feedback on.
[Fig. 15] Voltage in OH2L coil with active feedback on.
[Fig. 16] Current in EF1U coil with active feedback on.
[Fig. 17] Voltage in EF1U coil with active feedback on.
[Fig. 18] Current in EFIL coil with active feedback on.
[Fig. 19] Voltage in EF1L coil with active feedback on.
[Fig. 20] Current in EF2 coil with active feedback on.
[Fig. 21] Voltage in EF2 coil with active feedback on.
[Fig. 22] Current in EF3 coil with active feedback on.
[Fig. 23] Voltage in EF3 coil with active feedback on.
[Fig. 24] Current in EFC coil with active feedback on.
[Fig. 25] Voltage in EFC coil with active feedback on.
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